Abstract
lowed by a final period in which OKY-1581 was discontinued
The purpose of the present study was, therefore, to ('D/C OKY'). Blood from the carotid artery was obtained determine whether the low filtered load of glucose at the midpoint of each clearance period. All blood and observed in the POK contributes to enhanced P i reaburine losses were replaced with 37°C isotonic saline.
sorption, and whether the latter can be normalized by increasing the filtered load of glucose. We made three novel observations: (i) at identical filtered loads of Transport studies glucose, the tubular maximum for glucose reabsorption was markedly higher in the POK than in the CK; At the end of the clearance study (v.s.), animals were (ii) glucose loading inhibited P i reabsorption in the anaesthetized and both kidneys were quickly removed and contralateral, non-obstructed kidney, but not in the used separately to prepare BBMVs, using a divalent cation precipitation method described in detail in our previous POK; (iii) initial Na+-dependent glucose and P i transpublications [14, 15] . In three additional rats, BBMVs from ports were similar in BBMVs from the control and the control and POKs (24 h UUO) were prepared without prior
POK. These results demonstrate that the low filtered glucose infusion.
load of glucose does not contribute to the increased P i
Briefly, the renal cortices were dissected with a razor blade reabsorption in the POK, but rather that transient and placed in a buffer containing 50 mM mannitol, 2 mM UUO enhances proximal tubular transport of Na+ Tris/HEPES (pH 7.1), homogenized with a glass-Teflon and thus that of co-transported solutes such as glucose homogenizer, further diluted in the same buffer and rehomoand P i .
genized with a Polytron homogenizer. MgCl 2 was added at a final concentration of 10 mM, and the mixture was agitated for 20 min. After centrifugation at 2000 g for 10 min, the
Subjects and methods
supernatant was collected and centrifuged at 35 000 g for 30 min. The pellet was resuspended in a buffer containing 300 mM mannitol, 5 mM Tris/HEPES (MTH buffer, Animal studies pH 7.5), and homogenized using a tight-fitting Dounce homogenizer, then recentrifuged at 35 000 g for 20 min. The Experiments were performed using 10 adult, male final pellet was resuspended in MTH buffer at a protein Sprague-Dawley rats, weighing 300±11 g. The experimental concentration of approximately 6 mg/ml and used for transprocedures adhered to the NIH guidelines for the care and port measurements. use of laboratory animals. All animals ate a defined laborat-
The purity of the BBMV preparations was ensured by ory diet containing 0.95% P i (Tekland, Madison, WI ) and measuring the degree of enrichment of BBM enzyme markers had free access to water. Rats were anaesthetized for surgery (8-10-fold for alkaline phosphatase, c-glutamyl transpeptidwith the intraperitoneal (i.p.) administration of a mixture of ase and leucine aminopeptidase), noting the absence of acepromazine (10 mg/ml ) and ketamine (100 mg/ml ), and enrichment for basolateral Na+-K+ ATPase, and confirming the left ureter was obstructed with a silk ligature. Twentyvery low activities of mitochondrial succinate dehydrogenase. four hours after ureteral ligation, the animals were anaesthetThese enzyme activity patterns were similar to those reported ized with Inactin (100 mg/kg i.p., Promonta, Hamburg, in our previous publications [14, 15] . Germany), and their rectal temperatures were maintained at Transport measurements were carried out at 20°C on 37°C, using a heating pad. The trachea, a jugular vein, and freshly prepared BBMVs, using a rapid filtration method as carotid artery were cannulated. The ligature obstructing the previously described [14, 15] . Transport was interrupted by left kidney was released and both ureters were cannulated. the rapid addition of 3 ml of an ice-cold stop solution The glomerular filtration rate (GFR) was determined by the containing 135 mM NaCI, 10 mM NaHAsO 4 , 5 mM clearance of [125I ]iothalamate and compared to that obtained Tris/HEPES, (pH 7.5). The tubes were then washed three with inulin. There was no difference in results obtained with more times over Millipore filters (0.65 mm pore size), using either method. Electrolyte and glucose concentrations were a suction apparatus. Media for transport contained, in final measured as previously reported [10, 11] .
concentrations, 100 mM NaCl, 5 mM Tris/HEPES, (pH 7.5), and either 0. Experimental protocol uptakes of all solutes (measured in the presence of 100 mM KCl instead of NaCl ) were less than 2% of the total uptake After 60 min of equilibration, urine was collected during one 60-min control clearance period ('Control'). A 50% glucose and were not routinely measured. All experiments were carried out in quadruplicate and the uptake expressed relative solution was then infused over 60 min at a rate sufficient to raise the blood glucose level gradually to greater than to BBMV protein content, determined by the Lowry method [16 ] . 400 mg/dl. Data from this glucose titration were used to determine the apparent T m G/GFR in CKs and POKs (see The renal function data are presented as means±SE. The BBMV transport data are reported as means±SE of 4-6 Figure 3 ). This was followed by three successive 30-min periods during which the blood glucose concentration was individual experiments, each conducted in quadruplicate.
The results were evaluated by Student's t test for unpaired maintained between 400 and 600 mg/dl. During the first 30-min period ('Glucose'), only glucose was infused, and groups, as well as by one-way ANOVA, for multiple comparisons, and/or linear regression analysis, as deemed approurine and blood samples were collected. Next, it was determined whether the filtered load of glucose could be further priate. A P value <0.05 was considered significant.
Radioisotopes were purchased from New England raised by blocking the renal synthesis of thromboxane A 2 , an intervention previously shown to raise the GFR in the Nuclear, Boston, MA. All other reagents were purchased from standard commercial suppliers. OKY-1581 was a gift POK [2, 12] . To do this, throughout the second 30-min period, 10 mg/kg of OKY-1581 ('OKY'), a specific throm-from Dr A. K. Cheung, Department of Veterans Affairs and University of Utah Medical Centers. boxane synthase inhibitor [13], was infused. This was fol-
Results

Renal function data
All studies were performed after release of 24 h of UUO (Figures 1, 2 ). During the 'Control' period, there was a significant reduction of GFR, urine flow rate, and urinary Na+ excretion on the post-obstructed side relative to the control side ( Figure 1 ). Fractional excretions ( FE ) of Na+ and Ca2+ were increased, whereas the FE PO 4 was reduced in the POK ( Figure 2 ). During the glucose-loading period, when blood sugar levels were maintained between 22.2 and 33.3 mmol/l (400 and 600 mg/dl ), a small but significant increase in GFR was noted in the POK. Urine flow rate and urinary Na+ excretion rose slightly on both sides ( Figure 1 ). In the POK, glucose loading resulted in insignificant declines in FE PO 4 as well as in FE Ca2+ and Na+ ( Figure 2 ). The administration of OKY-1581 during glucose loading ('OKY' period) failed to increase GFR or, consequently, the filtered load of glucose in either kidney ( Figure 1 ). Urine flow rate, Na+ excretion ( Figure 1 ), and FE PO 4 , Ca2+, and Na+ remained unchanged ( Figure 2 ). Discontinuation of OKY-1581 ('D/C OKY' period) caused no change in any of the above variables ( Figures 1, 2) .
The tubular reabsorption rates of glucose in control gradually increasing blood sugar levels from baseline 9.8±0.4 mmol/l (176±8 mg/dl ) to >33.3 mmol/l (600 mg/dl ) (see Subjects and methods). kidney, T m G/GFR was 23.3±1.7 mmol/l (4.2±0.3 mg/ml ) (P<0.05 vs CK ), a value reached at significantly higher blood glucose levels of 27.7-33.3 mmol/l (500 to 600 mg/dl ) (P<0.05). Some data points in Figure 3 demonstrate that glucose reabsorption by the POK is still complete at blood sugar levels >33.3 mmol/l (600 mg/dl ).
Figures 2, 4 and 5 summarize the changes in P i reabsorption that result from glucose loading. Table 1 shows that during the initial glucose loading period, serum P i and the P i /Ca2+ ratio fell significantly but remained stable throughout the remainder of the study. Serum Ca2+ levels were not significantly altered during any of the experimental periods. Increased delivery of glucose caused a marked and sustained decrease in T P /GFR in control kidneys (Figure 4 , 'Control' vs 'Glucose' periods), whereas the same filtered load of glucose failed to inhibit T P /GFR in the POK. The relationship between T P /GFR ( y axis) and TG/GFR by linear regression analysis (r2=0.51 for CK data; r2=0.53 for POK data). The y intercepts ( T P /GFR) of the regression lines for control and post-obstructed kidneys did not differ from each other (2.1 vs 2.2 mmol/ml, CK vs POK respectively) ( Figure 5 ). The slope of the regression line for the CK was significantly steeper (−0.04) than that for the POK (−0.01) (P<0.05, CK vs POK ). The difference in slopes suggests that competition for reabsorption between glucose and phosphate occurs on the control side but not on the post-obstructed side.
A more detailed analysis of the transport data revealed that glucose loading in six of the 10 studied animals elicited in CKs a significant increase in TG/GFR (from 2.0±0.2 to 3.6±0.1 mmol/ml, P<0.05), associated with a significant rise in FE PO 4 (from 31±3.4 to 46±3.5%, P<0.05) and a significant decrease in T P /GFR (from 2.2±0.2 to 1.2±0.1 mmol/ ml, P<0.05). In the corresponding POKs, TG/GFR increased also significantly with glucose loading (from 1.9±0.0.2 to 4.5±0.3 mmol/ml, P<0.05), however, reaching a level significantly higher than in CKs (P<0.05). In contrast, neither the changes in FE PO 4 nor T P /GFR in these POKs reached statistical signific- significantly higher than those in CKs both before Prior glucose infusion had no effect on any of the tested 10 s 900±89 665±57
Na+-dependent solute uptakes. In BBMV from both control 90 min 100 100
and post-obstructed kidneys, the initial Na+ gradientdependent D-glucose uptake showed a characteristic 'over-aUptakes are given as a percentage of the respective equilibrium shoot' over the equilibrium uptake obtained at 90 min values (120 and 90 min values are taken to be 100%) and are ( Figure 6 ). The initial D-glucose uptake was not significantly expressed as means±SE of 4-6 separate experiments. BBMV were different in BBMV prepared from post-obstructed compared prepared from the post-obstructed ( UUO) and contralateral control to control kidneys. At 5 s, the Na+-dependent D-glucose kidneys. Solute uptakes were measured at times indicated in the presence of a 100 mM transvesicle Na+ gradient. Equilibrium uptake was 120±9 in control and 110±10 pmol/mg protein uptakes were: P i , 375±15 and 391±17 pmol/mg/120 min; L-proline, in POK BBMV preparations. At 10 s, uptake was 213±15
39±2 and 44±1 pmol/mg/90 min for control and UUO kidneys in control and 190±10 pmol/mg protein in POK.
respectively. *Significantly different from control (P<0.05).
Equilibrium uptakes for POK and CK BBMV preparations were similar, indicating comparable vesicle volumes. The initial Na+ gradient-dependent uptake of P i
, measured Discussion at both 5 and 15 s did not differ significantly for BBMV prepared from CKs and POKs (Table 2 ). Equilibrium uptake
Following the release of 24 h of UUO, GFR is was similar for the two groups (309±38 and decreased and proximal tubular reabsorption of 334±33 pmol/mg protein for control and POK respectively).
The initial Na+ gradient-dependent uptake of L-proline, sodium, water, P i , as well as bicarbonate is enhanced again measured at both 5 and 10 s, was significantly higher [1] [2] [3] . The marked increase in T P /GFR in the POK is in BBMV preparations obtained from CKs relative to those thought to result from: (1) a low filtered load of P i , from POKs. At 5 s, L-proline uptake was 137±11 pmol/mg (2) avid salt retention, (3) reduced PTH receptor protein in BBMV from CKs and 98±8 pmol/mg protein in expression and responsiveness, and (4) a possible BBMV from POKs (P<0.05) ( Table 2) . Again, the equilib-increase in P i uptake across the basolateral membrane rium uptakes for both BBMV preparations were similar. [1, 4, 5] . Proximal tubular reabsorption of P i , glucose,
Like the D-glucose uptake, both P i and L-proline uptakes and amino acids occurs via Na-dependent transporters displayed 'overshoots,' characterized by initial uptakes that located at the luminal BBM [6, 7] . The Na+ gradient significantly exceeded those obtained at equilibrium.
is generated by the basolateral Na-K-ATPase [6, 7] . Competition between these solute transporters for the same Na+ gradient results in reciprocal changes in the reabsorption of one solute as the uptake of another is increased or decreased. This competitive interaction between proximal tubular solute transports has been well recognized in vivo, where glycosuria inhibits P i reabsorption, and where phlorizin, a specific inhibitor of the glucose transporter, enhances P i uptake [8] . Analogous relationships have been demonstrated in isolated perfused proximal tubules and in BBMVs [9].
Accordingly we examined whether the low filtered load of glucose in the POK could be another mechanism contributing to the increase in P i reabsorption. We found that T m G/GFR was significantly higher in the POK than in the CK ( Figures 3, 4) . To our knowledge, this is the first documentation of such an increase in glucose reabsorption by the POK. We next analysed the effect of glucose loading on T P /GFR. As the filtered prepared from obstructed ( UUO) and contralateral (CONT ) kidneys load of glucose was increased, P i reabsorption following release of 24 h of unilateral ureteral ligation. Uptake was remained essentially unchanged in the POK, while in measured in the presence of a 100 mM Na gradient. Results are means±SE of four separate experiments.
the CK it was progressively inhibited (Figures 4, 5) , Figure 2 and Results tensin II, thromboxane, and others contribute to this increase in TG/GFR is unclear. Sodium pump activity section) are the result, we believe, of a higher dietary P i content, the somewhat volume expanded state of in proximal tubules of post-obstructed superficial nephrons is well preserved [21, 22] . Its inhibition by the animals ( FE Na in control kidney exceeded 2% during glucose loading) and greater age of our ouabain, vanadate, or acute tubular necrosis causes a decrease in proximal reabsorption of Na+, P i , glucose, animals [17] .
Initial glucose loading reduced serum P i levels mod-and bicarbonate [10,11], i.e. a pattern clearly distinct from that observed following transient ureteral estly ( Table 1) , which per se could have altered T P /GFR. This seems unlikely, however, since T P /GFR obstruction. It was recently demonstrated that transient ureteral obstruction enhances proximal tubular in POKs was already significantly higher than in CKs before glucose loading was begun (see detailed data resistance to hypoxic injury [23] , which further demonstrates that proximal tubular function remains intact analysis in Results section). Possible changes in PTH, conceivably produced by glucose loading and the asso-following short-term ureteral obstruction.
Physiological distal tubular glucose reabsorption is ciated decease in serum P i , were not determined because UUO is known to enhance T P independent of PTH negligible and there is no significant difference in glucose transport capacity between superficial and deep [18] . Furthermore, the fact that absolute Na+-dependent P i uptakes by BBMV preparations from CKs vs nephrons [7] . It seems unlikely that the decrease in distal nephron Na-K-ATPase activity seen in the POK POKs were not different [19] , and these, in turn, were also not different from those P i transports previously [21] affects glucose reabsorption at these sites. The cause of glucose's reduced ability to inhibit P i obtained by us and others in normal rats [14, 15] . The latter is particularly significant, since acute changes reabsorption in the POK is not readily apparent ( Figures 2,4,5) . In a normal kidney, there is axial and (1-2 h) in serum PTH are well known to modify Na+-dependent P i uptake in BBMV [20] . In other words, internephronal heterogeneity of P i transport [6 ] . Since in the POK, proximal tubular Na reabsorption is if our experimental protocol had elicited acute changes in PTH levels, these should have led to expected increased in the superficial and depressed in the deep nephrons, P i and glucose reabsorption would also be changes in BBMV P i transports in control kidneys. Our attempt to further increase the filtered load of enhanced in superficial and reduced in deep nephrons.
Since distal tubular P i reabsorption is small but glucose by inhibiting thromboxane production by the administration of OKY-1581, a specific thromboxane becomes significant when animals are thyroparathyroidectomized or P i depleted [6, 15] , it might be postusynthase inhibitor [2, 12, 13] , resulted in no effect on GFR or on P i , glucose, sodium, water and Ca2+ lated that the low distal delivery of P i in the POK would lead to enhanced P i reabsorption at 'distal' sites reabsorption (Figures 1, 2, 4) .
Thus, the observation that glucose loading had no where virtually no glucose is reclaimed. Although it remains unknown whether the 24 h of UUO-induced significant impact on net P i reabsorption in the POK indicates that the reduced filtered load of glucose does reduction in distal P i delivery would be sufficient to induce increased distal P i reabsorption, such an not contribute to the enhanced T P /GFR seen in the POK. Instead, it appears that the low filtered load of increase in distal P i transport would be consistent with our findings in the POK. Accordingly, glucose loading solutes combined with intrinsic increases in transport capacity in the POK are sufficient to facilitate reabsorp-would inhibit P i reabsorption in both the CK and POK, causing an increased distal delivery of P i in both tion of glucose, P i and amino acids in a pattern that seems 'non-competitive'.
kidneys. This would result in phosphaturia in the CK ( low capacity for distal P i reabsorption) and P i retenSince our results indicate that the initial Na+-gradient-dependent BBMV transports of glucose and P i tion in the POK (high distal P i reabsorption). The fact that transient ureteral obstruction has no effect on were similar in POK and CK ( Figure 6 , Table 2 ), we can furthermore conclude that the changes in tubular BBMV P i and glucose transport also suggests that changes in solute transport may occur in more distal reabsorption of glucose and P i observed in the POK are not mediated by intrinsic increases in V max or segments of the post-obstructed nephron ( Table 2, Figure 6 ). As may apply to distal glucose transport, it turnover rate of proximal tubular BBM transporters [1, 19] . Since differences in Km were not detected by is again not clear whether the reduction of thick ascending limb and collecting duct Na-K-ATPase activother investigators [19], we did not determine whether such changes occurred in our study. Unexpectedly, we ities in the POK [18] is sufficient to alter distal P i reabsorption. found that initial Na+-gradient-dependent uptake of L-proline was lower in BBMV preparations from POK In summary, we have shown that the increased tubular reabsorption of P i in the POK is not facilitated than in those from CK ( Table 2 ). The relevance of this observation to in vivo amino acid transport in the by a low filtered load of glucose. Furthermore, we have demonstrated that glucose loading fails to inhibit POK, or its effect on the transport of glucose or P i , remains to be determined.
net P i reabsorption in the POK, and, in fact, glucose reabsorption by the POK is increased. These changes Overall the marked increase in TG/GFR in the POK most closely parallels the avid Na+ reabsorption that in reabsorption are not the result of intrinsic alterations
